Introduction ▼
Biological aging is associated with a decline in the capacity to develop force and power [24] , reduced cardiorespiratory fi tness [19] and consequently decreased functional capacity, especially after the decade of life between 60 and 70 [10, 12] . To counteract this, several studies have shown that strength training improves both strength and power during aging [13 -15] and that endurance training also enhances aerobic fi tness in this population [21, 23] . In view of this, the prescription of both endurance and strength training is fundamental to improve functional capacity in elderly populations [2] . The combination of strength and endurance training (i. e., concurrent training) has been widely investigated [8, 23, 31, 37] . These studies have shown that combining endurance and strength training, specifi cally when high volumes, intensity and / or frequencies are employed, may inversely aff ect the gains observed during strength and power training (i. e., interference eff ect) [7, 25, 36] . However, few studies have investigated the interference eff ects in elderly subjects. Wood et al. [40] , investigating elderly
The aim of the present study was to investigate the eff ects of concurrent strength and endurance training on neuromuscular and hormonal parameters in elderly men. 23 healthy men (65 ± 4 years) were randomly assigned to 1 of 3 groups: concurrent (CG, n = 8), strength (SG, n = 8) or endurance group (EG, n = 7). The programs consisted, of strength training, endurance training on a cycle ergometer or a combination of both in the same session 3 times per week over a duration of 12 weeks. Subjects were evaluated on parameters related to muscle strength, muscle activation and serum hormones. There were signifi cant increases in lower-body strength in all groups (P < 0.05), with higher increases in SG (67 % ) than CG (41 % ) and both were higher than EG (25 % ) (p < 0.01). Only SG and CG increased upper-body strength (p < 0.01), with no signifi cant diff erence between the 2 groups. Furthermore, there were signifi cant decreases in free testosterone in EG after training. Signifi cant increases in isometric strength and maximal muscle activation (p < 0.05) as well as decreases in the submaximal muscle activation to the same load, were only seen in SG (p < 0.05). The present results suggest that the interference eff ect observed due to concurrent strength and endurance training could be related to impairment of neural adaptations. resistance training. These include negative eff ects on neural adaptations [15] , low glycogen content resulting in chronic catabolic state [4, 25] ; and, interference on the hypertrophy of type I fi bers [3, 35] . However, there is a lack of evidence of interference on the neural component of strength development when evaluated by electromyography (EMG) measurements [15, 31] . H ä kkinen et al. [15] have shown that only the strength group enhanced fast muscular activation (500 ms) after training compared with concurrent group. In another study, McCarthy et al. [31] did not fi nd any diff erences between strength and concurrent groups in the magnitude of neural adaptations (maximal EMG amplitude) after training. Nevertheless, no interference eff ect on maximal strength was observed in these studies [5, 31] , and a question that arises is: could the neural component explain the interference eff ect, in the presence of this phenomenon? The chronic catabolic state has been investigated using resting serum hormonal concentrations (i. e., testosterone, cortisol) such as anabolism / catabolism markers during the training period. In fact, studies investigating both strength and concurrent training modalities have demonstrated that when high training volume is performed, diff erent hormonal modifi cations may ensue [5, 25] . Besides this possibility, the infl uence of the reduction in testosterone on the strength decline during aging [12] provides the rationale for conducting research in this area. Likewise, these endocrine adjustments have yet to be investigated in older populations performing concurrent training. Therefore, the aim of the present study was to investigate the neuromuscular and hormonal adaptations that occur in response to strength, endurance and concurrent training in elderly subjects. Our hypothesis was that, due to the large trainability of older subjects, no diff erences between strength and concurrent training would be found. However, if the interference eff ect was observed, we speculated that neural and endocrine mechanisms could help to explain this possible eff ect.
Methods

▼ Experimental design
In order to investigate the adaptations to strength, endurance and concurrent training, subjects were evaluated using variables related to maximal strength, muscular activation and serum hormonal concentrations. The investigations of electromiographic signal (EMG) and hormonal parameters would provide insights about possible mechanisms involved with training adaptations or even an interference eff ect. The total duration of the present study was 16 weeks, in which the subjects were tested at − 4 and 0 weeks before (control period) and 12 weeks after each specifi c training program. Thus, all the tests were performed 3 times during the investigation and the fi rst and second pre training measures (control period) were used to determine the stability and reliability of the variables. Each subject performed the tests at the same time of day throughout the period of the study and the diff erent tests were conducted on diff erent days to avoid fatigue. At each point of evaluation (control, pre and post training), subjects completed all the tests in 1 week.
Subjects
29 healthy elderly men (Mean ± SD: 65 ± 5 years; age range: 61 -70 years), who had not been engaged in any regular and systematic training program in the previous 12 months, volunteered for the study after completing an ethical consent form. The subjects volunteered for the present investigation following announcements in a widely read local newspaper. After that, subjects were carefully informed about the design of the study with special information given regarding the possible risks and discomfort related to the procedures. Subsequently, subjects were randomly selected and placed into 3 groups: strength training (SG, n = 10); endurance training (EG, n = 9); and, concurrent training (CG, n = 10). 3 participants dropped out after the control period and another 3 dropped out during the training period. 4 of them due to professional problems and the other 2 moved to another city. At the end of the study, the number of subjects in each group was: SG = 8; EG = 7; and, CG = 8. The study was conducted according to the ethical standards of the International Journal of Sports Medicine described by Harriss and Atkinson [17] , and was approved by Ethics Committee of Federal University of Rio Grande do Sul, Brazil. Exclusion criteria included any history of neuromuscular, metabolic, hormonal and cardiovascular diseases. Subjects were not taking any medication with infl uence on hormonal and neuromuscular metabolism and were advised to maintain their normal dietary intake throughout the study. Medical evaluations were performed using clinical anamnesis and eff ort electrocardiograph test (ECG), to ensure subject suitability for the testing procedure. The physical characteristics of subjects are shown in the • ▶ Table 1 .
Body composition
Body mass and height were measured using an Asimed analog scale (resolution of 0.1 kg) and an Asimed stadiometer (resolution of 1 mm), respectively. Body composition was assessed using the skinfold technique. The same technician obtained all anthropometric measurements on the right side of the subject ' s body. Skinfold thickness was obtained with a Cescorf skinfold caliper. A 7-site skinfold equation was used to estimate body density [22] and body fat was subsequently calculated using the Siri equation [18] . 
Maximal dynamic strength
Maximal strength was assessed using the 1-repetition maximum test (1-RM) on the bench press and bilateral knee extension. 1 week prior to the test day, subjects were familiarized with all procedures. On the test day, the subjects warmed up for 5 min on a cycle ergometer, stretched all major muscle groups, and performed specifi c movements for the exercise test. Each subject ' s maximal load was determined with no more than 5 attempts with a 4-min recovery between attempts. Performance time for each contraction (concentric and eccentric) was 2 s, controlled by an electronic metronome (Quartz, CA, USA). The test-retest reliability coeffi cient (ICC) was 0.99 for both exercises.
Maximal isometric strength
In order to obtain the maximal isometric strength, the subjects warmed up for 5 min on a cycle ergometer and were then positioned on knee extension exercise machine (Taurus, Porto Alegre, Brazil), fi tted with a load cell coupled to the cable that displaced the load. The load cell was connected to an A / D converter (Miotec, Porto Alegre, Brazil), which made it possible to quantify the traction exerted when each subject executed the knee extension at the determined angle. The subjects were positioned seated with the hip at a 110 ° angle, strapped to the machine at the waist. After having their right leg positioned by the evaluators at an angle of 110 ° in the knee extension (180 ° represented the full extension), the subjects were instructed to exert maximum strength possible when extending the right knee. The subjects had 3 attempts at obtaining the maximum voluntary contraction (MVC), each lasting 5 s, with a 3-min rest interval between each attempt. During this test, the researchers provided verbal encouragement so that the subjects would feel motivated to produce their maximum strength. The force-time curve was obtained using Miograph software (Miotec), with an acquisition rate of 2 000 Hz and later analyzed using SAD32 software. Signal processing included fi ltering with a Butterworth low-pass fi lter at a cut-off frequency of 9 Hz. Later, in order to determine the highest MVC, a 1-s slice was made in the plateau of force, between the 2 nd and 4 th second of the force-time curve.
The test-retest reliability coeffi cient (ICC) was 0.94 for MVC
EMG measurements
During the isometric strength test, the maximal muscular activation of agonist muscles was evaluated using surface electromyography (RMS values) in the vastus lateralis and rectus femoris, and the antagonist co-activation in the biceps femoris long head. Electrodes were positioned on the muscular belly in a bipolar confi guration (20 mm interelectrode distance) in parallel with the orientation of the muscle fi bers, according to Leis and Trapani [27] . Shaving and abrasion with alcohol were carried out on the muscular belly, as previously described by H ä kkinen et al. [15] , in order to maintain the interelectrodes resistance above 2 000 Ω . To ensure the same electrode position in subsequent tests, the right thigh of each subject was mapped for the position of the electrodes moles and small angiomas by marking on transparent paper [34] . The ground electrode was fi xed on the anterior crest of the tibia. The raw EMG signal was acquired simultaneously with the MVC using a 4-channel electromyograph (Miotool, Porto Alegre, Brazil), with a sampling frequency of 2 000 Hz per channel, connected to a personal computer (Dell Vostro 1 000, S ã o Paulo, Brazil). Following acquisition of the signal, the data were exported to the SAD32 software, where they were fi ltered using the Butterworth band-pass fi lter, with a cutoff frequency of between 20 and 500 Hz. After that, the EMG records were sliced exactly in the 1 s when the MVC was determined in the force-time curve and the root mean square (RMS) values were calculated. The RMS values of biceps femoris were normalized by the maximum RMS values of this muscle, obtained during the MVC of knee fl exion at 90 ° . After determination of maximal muscular activation, submaximal muscular activation was evaluated in order to determine the isometric neuromuscular economy. Thus, subjects randomly performed the strength trials corresponding to 40, 60 and 80 % of pre training MVC. In this protocol, subjects were asked to maintain the specifi c force value for 3 s, receiving a visual feedback in the computer that showed, in real-time, the strength values. 1 trial was performed for each intensity, with 5-min rest between trials. The apparatus and the collection and analysis procedures were the same used to determine the maximal EMG signal. After the training period, the submaximal muscular activation was determined for the same absolute loads used in the pre-training evaluation. The submaximal RMS values were normalized using the maximum RMS values obtained during the MVC in each muscle. The test-retest reliability coeffi cient (ICC values) of the EMG measurements was over 0.85.
Blood collection and analysis
Blood was obtained from the subjects between 8:00 and 8:30 a.m., after 8 h of sleep, 12 h fasting and 2 days with no exercise. The time of blood collection was chosen due to its use in many studies conducted with these procedures for the control of the circadian hormonal range [6, 12] . Subjects sat in a slightly reclined position for 15 min after which 10 ml of blood was drawn from an antecubital vein. After collection, the blood was maintained at ambient temperature for 45 min and then centrifuged for 10 min at 2 000 rpm. The serum was then removed and frozen at − 20 ° C for later analysis. With this blood sample, resting concentrations of total testosterone (TT) (MP Medicals, Ohio, USA) and free testosterone (FT) (Diagnostic Systems Lab, Webster, USA) and cortisol (COR) (MP Medicals, Ohio, USA) were determined in duplicate, using radioimmunoassay kits. From these values it was possible to calculate the TT / COR ratio. To eliminate interassay variance, all samples were analyzed within the same assay batch, and all intra-assay variances were ≤ 6.3 % . Antibody sensitivities were 0.2 ng / ml for TT, 0.2 pg / ml for FT, 0.05 ug / dl for COR. The test-retest reliability coeffi cients (ICC) were 0.85 for COR, 0.94 for TT and TL.
Ventilatory threshold and correspondent heart rate
Subjects performed an incremental test on a cycle ergometer (Cybex, USA) in order to determine the heart rate (HR VT ) at ventilatory threshold (VT 2 ). They initially cycled with a 25W load, which was progressively increased by 25W every 3 min, while maintaining a cadence of 70 -75 rpm, until exhaustion. The test was halted when subjects were no longer able to maintain a cadence of over 70 rpm. All the incremental tests were conducted in the presence of a physician. The expired gas was analyzed using a metabolic cart (CPX / D, Medical Graphics Corporation, St. Paul, MN) breath by breath. The VT 2 was determined using the ventilation curve corresponding to the point of exponential increase in the ventilation in relation to the load [16] . In addition, to confi rm the data, VT 2 was determined using the CO 2 ventilatory equivalent (VE / VCO 2 ). The maximum VO 2 value (ml * kg 
Strength training
The strength-training program was designed to improve muscular endurance in the fi rst 4 weeks and subsequently to stimulate muscular hypertrophy and maximal strength gains. Before the start of the strength training, subjects completed 2 familiarization sessions to practice the exercises they would further perform during the training period. The individuals in the SG performed 9 exercises (inclined leg-press, knee extension, leg curl, bench press, lat pull down, seated row, triceps curl, biceps curl and abdominal exercises) 3 times a week on non-consecutive days. In each session, subjects performed specifi c muscle stretching and a specifi c warm up, with one set of 25 repetitions with very light loads for the upper and lower body. During weeks 1 -7, subjects performed 2 sets of 18 -20 repetitions maximum (RM) in week 1 (i. e., the heaviest possible weight was used for the designated number of repetitions) [36] , progressing to 12 -14 RM (week 5). In weeks 8 -12, subjects performed 3 sets of 12 -14 RM (week 8), advancing to 6 -8 RM (week 11). During the training program, although the exact percent of 1 RM in each set was not controlled, all the sets were performed until failure [25, 36] . In each set the workload was adjusted when the repetitions performed were either above or below the repetitions established. 
Endurance training
Participants in the EG trained 3 times a week, on non-consecutive days, using a cycle ergometer, at the intensity relative to the heart rate (HR VT ) corresponding to the second ventilatory threshold (VT 2 ). In each session, subjects performed a warm up lasting 5 min at comfortable cadence. During the fi rst 2 weeks, subjects cycled for 20 min at 80 % of HR VT , progressing to six 4 min bouts at 100 % of HR VT (weeks 11 -12), with 1 min of active recovery between bouts. The VT 2 , used as a parameter to prescribe the intensity of endurance training, corresponded to 79.6 ± 5 % of the VO 2peak . The whole endurance training periodization is shown in • ▶ Table 2 .
Concurrent training
Participants in the CG performed the combined volume of both the SG and EG training. During all sessions, strength exercises were preceded by endurance exercise. This order of exercise was chosen to investigate the eff ects of aerobic training preceding strength training due to the possible fatigue eff ects of aerobic training, especially when performed on a cycle ergometer [28] . The CG training sessions lasted approximately 70 min.
Statistical analysis
The SPSS statistical software package was used to analyze all data. Results are reported as mean ± SD. Statistical comparisons in the control period (from week − 4 to week 0) were performed by using Student ' s paired t -tests. The training-related eff ects were assessed using a 2-way Analysis of Variance (ANOVA) with repeated measures (group x time). When a signifi cant F value was achieved, Bonferroni post-hoc procedures were used to locate the pairwise diff erences. Selected relative changes between groups were compared via 1-way ANOVA. Signifi cance was accepted when p < 0.05.
Results
▼
All subjects performed at least 85 % of training with no diff erence between groups in the number of sessions performed (CG and SG: 32 of 36 and EG 33 of 36 sessions). The results are shown as Mean ± SD. There were no diff erences between the groups in terms of the variables studied before the start of the training. After the control period, there were no signifi cant diff erences in dynamic and isometric strength, EMG parameters and hormonal concentrations in all the groups ( • ▶ Table 3 ). There were no signifi cant diff erences in the body composition or body mass after training ( • ▶ Table 1 ). There were signifi cant increases in the VO 2peak in the EG (20.4 ± 10.6 % ) and CG (22 ± 10 % ) (p < 0.05), and no modifi cation was seen in the SG (5.7 ± 7 % ) ( • ▶ Fig. 1 ), but the increase in SG (67.6 ± 17.1 % )
was signifi cantly higher than CG (41.3 ± 8.2 % ) and EG (24.7 ± 8 % ) and CG signifi cantly higher than EG (p < 0.001). After training, the absolute values of lower-body dynamic strength were higher in SG compared with EG (p < 0.01) ( • ▶ Fig. 1 ). In the bench press 1 RM values, there were signifi cant increases in SG and CG (33.7 ± 8.1 and 32.6 ± 10.8 % , respectively, (p < 0.001), without difference in the magnitude, which both increased upper-body strength more than EG (p < 0.001). After training the absolute values of upper-body dynamic strength were higher in CG compared with EG (p < 0.01) ( • ▶ Fig. 2 ). A signifi cant interaction (time vs. group) was observed in the isometric strength. There was signifi cant increase only in SG (13.3 ± 13 % ) (P < 0.02) and no signifi cant modifi cations were observed in the other groups. Regarding the maximal muscular activation (EMG), a signifi cant interaction (time vs. group) was observed (p < 0.05). There was a signifi cant increase in the RMS values of vastus lateralis ( • ▶ Fig. 3 ) and rectus femoris ( • ▶ Fig. 4 ) during the MVC only in SG (p < 0.05).
The percent increase in maximal activation of vastus lateralis was signifi cantly higher in SG (32.7 ± 24.7 % ) compared to CG (1.1 ± 2 % ) and EG (0.6 ± 1. In the present study, there were no signifi cant interactions (time vs. group) for TT, FT, COR, TT / COR and FT / COR ratios ( • ▶ Table 5 ).
There was a signifi cant decrease in the FT concentrations after 12 weeks of training in EG (p < 0.05), as well as a decreased FT approaching signifi cance in CG (P = 0.068), and decreased TT (p = 0.06) and COR (p = 0.052) approaching signifi cance in EG. In addition, signifi cant correlations between the increases in strength with the mean of TT (r = 0.94; p < 0.01) and the mean of TT:COR ratio along the study (r = 0.93; p < 0.01) were only seen in EG.
Discussion ▼
The main fi nding of the present study was the presence of an interference eff ect on the gains in lower body-muscle strength observed in the concurrent group, which was not seen in the upper-body strength measurements in the same group. In addition, this interference eff ect occurred together with the diff erent variations in EMG measurements obtained for the groups. Moreover, measurement of hormonal concentrations did not suggest any evidence of increased catabolic state. Furthermore, there was a signifi cant relationship between strength improvements and basal testosterone and TT:COR ratio in the endurance group. Thus, the fi rst hypothesis was rejected since our results showed an interference eff ect in the elderly subjects. Moreover, our second hypothesis was confi rmed, since the maximal EMG adaptation was higher after training in SG, suggesting that the neural component may help to explain the interference phenomenon. Few studies have investigated concurrent training in elderly subjects, and, until now, no interference eff ect has been observed in this population [20, 23, 40] . In a study from Wood et al. [40] , similar strength gains were observed in a comparison between strength and concurrent training after 12 weeks, 3 times a week, but with the concurrent group performing 50 % less strength training volume (single set) compared to the strength group (2 sets). In another study, Izquierdo et al. [20] observed no interference eff ect when comparing 16 weeks of concurrent training with each modality performed once a week, and strength training twice a week (both 3 -5 sets). Using the same volume in the concurrent and strength groups (3 sets), Karavirta et al. [23] showed that after 21 weeks of training, strength gains were the same in both groups. In the present study, although an interference eff ect was observed in the CG, this group had a similar or greater magnitude of strength gains after concurrent training (41 % ) in relation to the results of the above mentioned studies (21 -44 % ), even though the number of training sessions were similar to those in the studies by Wood et al. [40] , Izquierdo et al. [20] and Karavirta et al. [23] (36, 32 and 42 sessions respectively). These discrepancies could be explained by diff erent initial levels of physical fi tness among the subjects [1] . It is possible that by being less physically fi t at the start of the training period, the sedentary elderly in the present study were able to obtain greater strength gains while, on the other hand, they were more susceptible to the interference eff ect when the endurance exercise was added. Another possible cause of the interference eff ect observed in the present investigation may be the type of endurance exercise performed (cycle ergometer) [9, 28] and the timing of its execution, immediately before the strength exercises, since it has been demonstrated that a cycle ergometer exercise session can induce an acute decrease in lower-body force development due to the local fatigue [29, 36] . Possibly, there was concurrent recruitment of motor units used in both types of training, resulting in lower gains in dynamic strength in the CG. This would seem to be supported by the fact that the EG experienced a gain in dynamic strength (24.7 % ). Some authors have reported only a small improvement in lower-body strength in response to endurance training performed on a cycle ergometer when performed in combination with strength training [20, 21] , as well as when it is performed alone [39] . The same eff ects are not observed when aerobic training consists of running or jogging [25, 32] . Thus, this would seem to suggest that the recruitment of high threshold motor units, responsible for higher force production, in the endurance training, especially at intensities near VT 2 , resulted in increased muscle strength in the EG, with local fatigue in these motor units, which led to decreased strength performance in the CG. Although it has been suggested that the neural component of force production may be related to the occurrence of an interference eff ect [33] , few studies have compared the adaptations of the EMG signal arising from strength and concurrent training [15, 31] and no study has reported diff erences in the adaptations in maximal RMS values after training (strength vs. concurrent).
In the present study, signifi cant increases in the amplitude of the EMG signal from the vastus lateralis and rectus femoris were observed in the SG after 12 weeks of training, while no modifi cations were observed in the CG and EG. Our results are in accordance with the studies from H ä kkinen et al. [13, 14] , which found a signifi cant increase in the amplitude of the EMG signal after strength training, which suggests greater motor unit recruitment and a higher fi ring rate among the motor units. Furthermore, in the present study, the subjects in the SG experienced a signifi cant decrease in muscle activation for the same absolute load (percent of MVC before training) on the vastus lateralis (40, 60 and 80 % ) and rectus femoris (60 and 80 % ), suggesting that for the same load, subjects needed fewer motor units after training [34] , which is more economical at the neuromuscular level. The absence of similar adaptations in the CG suggests that the interference eff ect observed in the present study may be related to neural adaptations to strength training, with the endurance training session performed immediately before strength exercises negatively infl uencing such adaptations. In fact, a study by Lepers et al. [28] , demonstrated that 30 min at 80 % of maximal aerobic power resulted in decreases in isometric and concentric force, as well as decreases in the maximal EMG:M wave ratio, which suggests a central fatigue mechanism, indicating a reduction in the number of motor units recruited and / or lower fi ring rate during maximal eff ort. Thus, the fatigue imposed by endurance training may have prevented the neuromuscular system from developing the maximal capacity of voluntary recruitment of motor units and increases in the fi ring rate in the CG, resulting in lower strength development when compared to the SG. However, caution should be applied when dealing with the EMG data because it cannot detect activity at the level of single motor units and it underestimates the activation signal sent from the spinal cord to muscle [11] . Thus, it is possible that lower alterations to the maximal muscular activation in the CG might have occurred but remained undetected by the EMG, since it is unlikely that the strength improvements seen in the CG were exclusively the result of an increase in the muscle cross sectional area. Besides mobilizing the energetic substrate after exercise, the endocrine system plays a regulatory role in muscular tissue repair and growth [26] . It has been suggested that modifi cations to the balance between anabolic (i. e., testosterone) and catabolic hormones (i. e., cortisol) may play a role in the interference eff ect seen in concurrent training, when such an eff ect is accompanied by increases in basal cortisol [4, 5, 25] . However, there were no signifi cant modifi cations to basal hormones in the CG, indicating these subjects experienced no chronic catabolic state, and, consequently, the absence of any relationship between hormonal status and the strength gains found in the present study. 
